Urban gardens provide affordable fresh produce to communities with limited access to healthy food but may also increase exposure to lead (Pb) and other soil contaminants. Metals analysis of 564 soil samples from 54 New York City (NYC) community gardens found at least one sample exceeding healthbased guidance values in 70% of gardens. However, most samples (78%) did not exceed guidance values, and medians were generally below those reported in NYC soil and other urban gardening studies. Barium (Ba) and Pb most frequently exceeded guidance values and along with cadmium (Cd) were strongly correlated with zinc (Zn), a commonly measured nutrient. Principal component analysis suggested that contaminants varied independently from organic matter and geogenic metals. Contaminants were associated with visible debris and a lack of raised beds; management practices (e.g., importing uncontaminated soil) have likely reduced metals concentrations. Continued exposure reduction efforts would benefit communities already burdened by environmental exposures.
Lead (Pb) and other metals in New York

INTRODUCTION
The Healthy Soils, Healthy Communities project is a community-research-Extension partnership formed to address concerns expressed by gardeners and others about the potential for exposure to contaminants in urban community gardens. As a first step, project partners conducted a study to assess the distribution of Pb and other metals in soil at a subset of NYC community gardens and to evaluate the extent to which concentrations of metals pose a health risk for gardeners. The study also examined potential associations between contaminant concentrations and garden characteristics that were easily observed (e.g., whether a garden has raised beds or is growing directly in the ground) or measured (e.g., soil pH). Such associations could be useful in helping gardeners make efficient use of resources for soil testing and/or mitigative measures to help reduce exposure to soil contamination. Finally, the study used principal component analysis (PCA) to identify common groupings of chemical elements in garden soil samples.
MATERIALS AND METHODS
Forty-four community gardens on New York City Department of Parks and Recreation (NYC Parks) property in four NYC boroughs (8 in the Bronx, 24 in Brooklyn, 10 in Manhattan, and 2 in Queens) were selected for the initial phase of the study between October 2009 and June 2010. These gardens were selected for sampling for the initial phase of the study from a pool of gardens with a history of actively producing food, size of a minimum of 0.25 acres, and NYC Parks records indicating that they had likely received at least one delivery of "clean" (uncontaminated) soil and/or compost within the previous eight years. An additional 10 gardens (1 in the Bronx, 7 in Brooklyn, 2 in Manhattan), all of which met the same criteria met by the first 44 gardens, except that they had been cited recently by NYC Parks for maintenance-related violations, were selected for a second phase of the study in August and September 2010. Records of soil and compost delivery were obtained from NYC Parks, and publicly available information about garden neighborhoods was compiled (NYC DOH, 2002; NYC DOHMH, 2012; OASIS, 2012) .
The layout of each of the 54 gardens was mapped, and food-growing beds (typically approximately 1.2 m by 2.4 m in size) were identified and assigned numbers. A smartphone random-number generator application was used to select 10 beds from each garden for soil sampling (fewer if the garden had fewer than 10 beds). From each bed, one composite soil sample was created from 5 subsamples of soil, each from a depth of 0 -12 cm. In addition, one discrete 0 -12 cm soil sample was collected from a non-growing area ("non-bed") at each garden. An additional non-bed sample was collected at two gardens, for a total of 508 bed samples and 56 non-bed samples across all 54 gardens. At each sample location, detailed field observations were recorded on a sampling survey and one or more photographs were taken.
Soil samples were air dried and passed through a 2-mm plastic sieve. A portion of the < 2 mm fraction was then digested using US EPA Method 3051A (US EPA, 2012) and analyzed for total Al, B, Ca, Co, Fe, K, Li, Mg, Mo, Na, P, S, Ti, V, As, Ba, Be, Cd, Cr, Cu, Pb, Mn, Ni, Zn by inductively coupled plasma-optical emission spectrometry (ICP-OES) (US EPA Method 6010C)(US EPA, 2012). Quality control for the ICP-OES analysis of acid soil digests was attained by including blanks, sample duplicates, and a laboratory reference soil standard in each sample set. Soil pH was measured with a glass electrode in distilled water (2:1 soil to water ratio by weight), and carbon (C) and nitrogen (N) content were measured with a Leco CN-2000 C analyzer. For quality control, each sample set included several blanks, primary C standards (pure EDTA) and a soil standard (NIST SRM 2702 Marine Sediment) containing known amounts of total C.
Because of concerns about the quality of the ICP-OES analytical results for Cd (McBride, 2011) , and because of previously reported associations between Cd and Zn, a subset of 107 samples was analyzed for strong-acid labile cadmium (Cd) and zinc (Zn). The samples were extracted by adding 50 mL of 1.0 M HNO 3 to 5 g dry soil (initially pulverized by mortar and pestle) in a 125 mL Erlenmeyer flask, agitating on a rotary shaker at 150 rpm for 1.0 hr and filtering through Whatman #42 paper. Direct determination of Cd and Zn on the filtered extracts was done by flame atomic absorption (FAA) spectroscopy at 228.8 nm and 213.9 nm, respectively. Cd and Zn standards in the concentration range of 0.10 to 2.00 mg/L were made in 1 M HNO 3 . Zn determination generally required dilution of the extracts by from 25 to 100-fold in 1 M HNO 3 in order to bring the Zn concentrations within the range of the standards.
Several soil samples were analyzed with a scanning electron microscope (JEOL 8900 Electron Probe Microanalyzer operating at 15.0 kV) equipped with an energy-dispersive X-ray detector. Samples were pulverized to pass a 1-mm sieve, after which a small amount of sample was mounted to an aluminum holder with adhesive tape and coated with a thin carbon layer prior to observation. The system was used to create images of soil particles (from secondary and backscattered electrons) and to map selected elements of interest (from secondary X-rays) in soil particles.
Statistical analysis of data was done with the SAS software package (SAS Institute, Inc., 2010). Nonparametric methods were used to evaluate the soil data because most results were not normally distributed, and some were not easily transformed to a normal distribution. Spearman rank correlations were calculated to assess potential associations among the measured parameters. Wilcoxon signedrank tests were used to compare the means of results for bed samples with corresponding paired nonbed samples, and a modified Wilcoxon rank-sum test (Rosner et al., 2006 ) was used to compare results for different types of garden areas (e.g., raised vs. non-raised beds) across gardens while accounting for the potential influence of "clustering" of beds within gardens. Statistical test results with p values less than 0.05 were considered significant. A principal component analysis was done to further assess the structure of the data, with principal components having eigenvalues greater than one retained and subjected to a varimax orthogonal rotation.
RESULTS AND DISCUSSION
Garden characteristics
Most of the 54 gardens in this study (89%) included at least some raised beds (Table 2 ), but non-raised (ground-level) beds were also present in nearly half the gardens in the study. Raised beds were particularly common in the first phase of the study, accounting for 81% of the 414 beds sampled in the first 44 gardens, but less common in the second phase (just 44% of the 94 beds sampled in the 10 gardens with recent NYC Parks violations). NYC Parks records included information on the age of 21 of the 54 gardens; they ranged from 1 to 57 years, with a median age of 20 years. NYC Parks records showed that many of the study gardens (69%) had a record of importing clean soil and compost within the past 10 years; however, a significant percentage of study gardens (26%) had visible evidence of debris (e.g., brick fragments) in some garden bed soils.
ICP analytical results and comparison to guidance values
Most analytes were detected in 100% of the soil samples. The exceptions were boron (B) (detected in 7% of samples; detection limit 16.7 mg/kg), molybdenum (Mo) (2%; 3.8 mg/kg), arsenic (As) (55%; 5.3 mg/kg), beryllium (Be) (89%; 0.1 mg/kg), Cd (15%; 0.4 mg/kg), and nickel (Ni) (97%; 2.8 mg/kg). Summary statistics for all analytes are presented in supplementary Table S1 .
Given the absence of health-based soil standards for community gardens, metals concentrations were compared to guidance values based on residential-use soil cleanup objectives from New York State's Environmental Remediation Programs (the definition of "residential use" includes vegetable gardening (NYSDEC, 2006) ). Those guidance values exist for ten metals (As, barium (Ba), Be, Cd, chromium (Cr), copper (Cu), Pb, manganese (Mn), Ni, and Zn). Metals concentrations were also compared to ranges of New York State rural soil background concentrations (NYSDEC and NYSDOH, 2006) and "urban background" concentrations measured in a study of ornamental gardens, cemetery lawns, grass-covered vacant lots, and grass-covered courtyards in NYC (ConEdison, 2007) .
One or more samples exceeded at least one guidance value in 70% of gardens in the study (Table 3) . However, most soil samples (78%) were below guidance values for all ten metals. Garden bed samples were below guidance values more often (81%) than non-bed samples (59%).
Ba was the metal most frequently exceeding a guidance value, exceeding 350 mg/kg in 12% of beds and 14% of all samples. Nearly half (46%) of the gardens in the study had at least one sample above the 350 mg/kg Ba guidance value, with concentrations ranging up to 1420 mg/kg. The median Ba concentration (93 mg/kg) was similar to the median of urban background concentrations (99 mg/kg; n = 25), but higher than the rural background median of 67 mg/kg (n = 118) ( Figure 2 ). Twenty-nine percent of samples exceeded the 95 th percentile of NYS rural soil background concentrations, suggesting an anthropogenic source. Possible sources of Ba include BaSO 4 in construction debris (e.g., some types of glass and brick products, dyes and pigments used in paints) , wear of tires and brake linings (Harrison et al., 2012) and BaCO 3 in rodenticides (ATSDR, 2007a) . Although rodenticides are commonly used in community gardens, BaCO 3 -containing rodenticides are not registered for use in NYS.
Pb concentrations also exceeded guidance values relatively frequently, with 9% of beds and 10% of all samples exceeding the 400 mg/kg guidance value, and a maximum concentration of 2,450 mg/kg. In 44% of gardens, at least one sample exceeded the Pb guidance value. The median Pb concentration in all bed and non-bed samples (102 mg/kg) exceeded the median rural background concentration of 23 mg/kg but was below the median urban background concentration (211 mg/kg), and Pb concentrations were generally at the low end of the range reported in studies of urban garden soils (Table 4) . Pb is a common urban soil contaminant, attributed to sources including lead-based paint, leaded gasoline emissions, and point sources such as waste incinerators and metal smelters (ATSDR, 2007b; ConEdison, 2007 ; US EPA, 1998).
As and Cr exceeded guidance values in 3% and 2% of samples, respectively. The laboratory's reporting limit for As (5.3 mg/kg) was too high to allow comparison with rural background concentrations (median 5 mg/kg), but As was generally below the range of urban background concentrations and did not appear to be a significant contaminant in NYC community garden soils. Cr concentrations exceeded rural background concentrations but were not elevated with respect to the range of urban background concentrations. Cu and Zn concentrations were elevated, with 59% of Cu results and 49% of Zn results exceeding the 95 th percentile of rural background concentrations, but were similar to urban background concentrations and exceeded guidance values in just one sample each. Be, Mn and Ni were not elevated with respect to rural background (1% of results exceeded median background concentrations for Be and Mn, and 43% for Ni) and were below guidance values in all samples.
Cd, which was detected in 15% of samples analyzed by ICP-OES, exceeded the 2.5 mg/kg guidance values in 0.5% of samples; however, ICP-OES analysis may be unreliable because of spectral interferences, tending to overestimate Cd content at low (near-background) levels in soil (McBride, 2011) .
1M HNO 3 extraction/FAA analysis results
Extraction using 1M HNO 3 and measurement of Cd and Zn by FAA provides a simple, inexpensive and rapid means of reliably estimating total Cd and Zn in urban garden soils. This screening method has advantages over the standard digestion and ICP-OES analysis method (EPA Method 3051A/6010C) for Cd in particular both because of the different characteristics of the detection methods (atomic absorption vs. emission spectrometry) and because 1M HNO 3 extracts contain lower concentrations of interfering elements than concentrated acid digests of soils.
FAA analysis for acid-extractable Cd was more sensitive than ICP-OES analysis for total Cd, showing detectable Cd in all 107 samples analyzed by this method. Extractable Cd measurements correlated only weakly (r 2 = 0.336) with ICP-OES Cd results, a phenomenon reported previously by McBride (2011).
Fortunately, previous research with Cd-contaminated soils from urban gardens and other sites has established that 1 M HNO 3 -extractable Cd measured using FAA provides a very good estimate of total Cd as determined by ICP-mass spectrometry analysis of acid digests of soil (McBride, 2011 The latter relationship is shown in Figure 3 . These correlations show that urban garden soils higher in Zn tend to have proportionately higher Cd as well.
On a linear scale, the best-fit relationship between 1 M HNO 3 -extractable Cd and 1 M HNO 3 -extractable Zn is:
(Cd) (HNO 3 ) = 0.23 + 0.0016 (Zn) (HNO 3 ) (r = 0.78)
The slope of this line represents the average Cd/Zn ratio in the 1 M HNO 3 extracts, corresponding to a Zn/Cd ratio of 620, which is within the expected range based on the relative geochemical abundance of the two metals (McDonough and Sun, 1995) .
The strong correlation between Cd and Zn concentrations suggests a common source. Galvanized steel, found in fences, gutters and metal roofs, is a possible source of both metals in urban garden soils. Other possibilities include rubber tires, which are often used in urban gardens, and particles from tire abrasion along streets and highways.
The correlation suggests that concentrations of Zn -a micronutrient measured in standard, inexpensive agricultural soil tests -may be considered as an indicator of concentrations of Cd in soils, which may be a health concern if elevated. Testing for soil nutrients (including Zn) can be relatively simple and inexpensive (on the order of US$10 -$15 per sample), whereas testing for environmental contaminants such as Cd can be much more costly for a gardener. Gardeners in NYC can consider that soils with unusually high Zn concentrations may be likely to have higher concentrations of Cd, and they can use that information to inform decisions about further soil testing or exposure reduction efforts.
Electron microprobe results
In a number of urban garden soils selected based on their high Pb concentrations, we identified both Pbrich and Ba-rich particles with dimensions on the order of 5-20 µm. Elemental mapping showed the Pbrich particles to contain relatively high phosphorus (P) and chlorine (Cl) (results not shown), consistent with the presence of the lead phosphate mineral pyromorphite. In contrast, the Ba-rich particles were invariably associated with high S (Figure 4 ), suggesting the Ba is likely present in the form of barite (BaSO 4 ), which is highly insoluble and much less toxic than more soluble forms of the element (Lamb et al., 2013) .
Factors influencing soil contaminant concentrations
Summary statistics for all analytes are available in supplemental Tables S1 and S2. Elements that were detected in fewer than 20% of samples (B, Mo, Cd) or that were most often present at concentrations close to laboratory reporting limits (As, Be) were excluded from further statistical analysis.
Concentrations of Ba, Pb and Zn were higher in non-bed samples than in bed samples (Wilcoxon signedrank test comparing paired non-bed samples with garden means for bed samples; p = 0.002 (Ba and Zn), p = 0.0002 (Pb)), higher in non-raised beds than in raised beds ( Figure 5 ; modified Wilcoxon rank-sum test; p =0.003 (Ba), p = 0.002 (Pb), p = 0.005 (Zn)), and higher in beds with visible brick fragmentsconsidered an indicator of the presence of "native" urban soil rather than imported soil -than in those without ( Figure 6 ; modified Wilcoxon rank-sum test; p = 0.0004 (Ba); p = 0.007 (Pb); p = 0.002 (Zn)). These results are consistent with the advice often given to urban gardeners to use raised beds and imported soil and compost to help reduce exposure to soil contaminants (Clark et al., 2008; Finster et al., 2004) . Maintaining raised beds by adding clean compost often is also important, as airborne soil particles from outside the beds can be a source of contamination to garden beds over time (Clark et al., 2008) .
There were some other significant differences (p < 0.05) between categories. Iron (Fe), Ni and pH levels were significantly higher in non-bed samples than in garden beds, while C and N concentrations were higher in beds (likely a result of plant cultivation and/or soil amendment in the growing beds); P was significantly higher in raised beds than in non-raised beds (also possibly related to soil amendment); and Ca, Na, and pH levels were significantly higher in beds with visible brick fragments than in beds without.
The association between pH and metals concentrations (Figure 7 ) may indicate that the same practices that result in lower metals concentrations (e.g., adding clean soil or compost) may also tend to reduce pH in the existing urban soil, which has a tendency to be neutral to slightly alkaline before amendment. Many metals tend to be more soluble at lower pH (Sauvé et al., 2000) , which causes them to leach out of soil more readily. Furthermore, the addition of high levels of organic matter to soils can mobilize some metals into the soluble phase by the formation of complexes with dissolved organic matter (Kalbitz and Wennrich, 1998) .
No significant differences in metals concentrations were observed between the 44 gardens in the initial study and the 10 gardens in the second phase (those that had recently been cited for violations) (modified Wilcoxon signed-rank test; p > 0.05).
A number of elements were significantly correlated with one another (summarized in Table S3 ). A particularly strong intercorrelation was observed among Ba, Pb, and Zn (Figure 8 ; Spearman = 0.85 -0.92, p < 0.0001). These metals may share some common sources in an urban environment -all have been used in paints, for instance (Toch, 1916) , and all are associated with historical or ongoing automobile usage (Ba in brake linings and tires; Zn in tires; and Pb in leaded gasoline). As discussed for Cd above, the strong relationship among metals may allow Zn, which is commonly measured in soil nutrient analyses, to function as an indicator of other anthropogenic heavy metals in urban garden soils. Soils in which relatively inexpensive soil nutrient tests show unusually high Zn concentrations may be more likely to be contaminated with other metals, and gardeners can use this information to help guide efforts to reduce exposure to Pb and other metal contaminants.
Principal component analysis
Principal component analysis (PCA) of the soil results yielded four components with eigenvalues greater than 1, explaining 75% of the total variance in the results (Table 5 ). The first of the rotated components, explaining 25% of the total variance, had relatively high loadings of Al, cobalt (Co), Fe, titanium (Ti), vanadium (V), Mn, Ni, potassium (K), and lithium (Li), elements that occur naturally in soils over a wide range of concentrations and can be related to natural properties such as soil mineralogy and texture. Component 2 accounts for 19% of the variance and has higher loadings of C, N, P and sulfur (S), elements associated with organic matter and nutrient content. Components 3 and 4 (explaining 17% and 14% of the variance) have higher loadings of elements that likely indicate anthropogenic contamination: Ba, Cu, Pb, and Zn in component 3 and Ba, Ca, Na, Zn in component 4, which also has a strong loading for pH. The groupings suggest there may be two different types of sources of heavy metal contamination, one of which is associated with higher pH soils (component 4). The predominant elements of component 3 are consistent with contamination sources such as paint and auto emissions, while the elements in component 4 may be associated with masonry building materials such as brick, concrete and mortar, which can contain calcium compounds (carbonates and oxides) that are likely to raise soil pH.
The PCA results suggest that concentrations of anthropogenic contaminants, represented in components 3 and 4, to some degree vary independently of soil type (component 1) and organic matter/nutrient content (component 2). Fe is an exception; its high loading on components 1 and 3 are consistent with its being a native element in soil whose concentrations may be enriched anthropogenically. The results also suggest that, while Pb, Ba and Zn are strongly intercorrelated, there is an additional source of Ba and Zn that is not associated with Pb, but that is associated with Ca, Na, and higher pH.
Conclusions
This is the first systematic study of the nature and extent of metals contamination in NYC community garden soils. While Pb and other metals were frequently found in excess of rural background concentrations, the majority of samples were consistent with urban background concentrations measured by others. Pb and Ba, which tended to be co-located with one another and with Zn, were generally below health-based guidance values but exceeded these values much more frequently than other metals such as As and Cr.
Pb poses the most significant exposure concern of the metals measured in this study. Although Ba exceeded guidance values more often than Pb, it is likely present primarily as insoluble BaSO 4 , which is much less toxic than the soluble Ba for which soil guidance values were derived (NYSDEC, 2006) . Nearly half (44%) of the 54 gardens had at least one sample above the guidance value for Pb, although only 10% of all soil samples in this study exceeded the guidance value, and Pb concentrations in NYC community garden bed soils (median 96 mg/kg) and non-bed soils (median 181 mg/kg) are relatively low compared to concentrations reported in other studies of urban garden soils in the US and UK (Table 4) . Still, background levels of exposure to Pb have been elevated in many neighborhoods with community gardens, and exposure to Pb is considered potentially harmful even at concentrations below the guidance value, as no threshold for adverse effects has been identified (Miranda et al., 2007) . Community gardeners would benefit from efforts to reduce exposure to Pb. Practices already in use by some gardeners, such as gardening in raised beds, importing clean soil and compost (without elevated concentrations of Pb or other contaminants) for bed establishment, and maintaining beds by frequently adding clean compost are helping to reduce the potential for gardening-related exposures to soil contaminants. These practices should continue to be encouraged among urban gardeners.
The spatial variability of contaminant concentrations presents a challenge to urban community gardeners with a limited budget for soil testing. Within any single garden in this study, Pb concentrations varied by a factor of 1.3 to 61, and Ba concentrations varied by a factor of 1.3 to 37. On average, there was an 11-fold difference between the lowest and highest Pb concentrations and an 8-fold difference in Ba concentrations within a garden. While soil testing is the only way to determine whether garden soil in a particular location has elevated concentrations of contaminants such as Pb, the results of this study suggest that other indicators of contamination -such as higher soil pH, higher concentrations of Zn measured in soil nutrient tests, presence of native soil as indicated by brick fragments or other debris, and lack of raised beds -may be useful in guiding soil sampling to efficiently identify areas of concern with fewer soil samples and lower analytical costs where resources are limited. Additionally, the widespread adoption of healthy gardening practices (e.g., using raised beds, importing clean soil and compost, maintaining soil pH near neutral, covering areas of bare soil, limiting disturbance of dry soil to minimize soil resuspension, and using proper hygiene and food-preparation practices to limit contact with soil) is a fundamentally important strategy to reduce human exposures, particularly where resources for full site assessment are limited. Gardens with raised beds (%) 89%
Gardens growing in non-raised beds (%) 48%
Gardens with observable brick chips in beds (%) 26%
Gardens with bare soil in non-bed areas (%) 56%
Gardens receiving soil delivery in last 5 years (%) 39%
Gardens receiving soil delivery in last 10 years (%) 69%
Gardens receiving compost delivery in last 10 years (%) 66% a Garden age information available for 21 of 54 gardens 
